Abstract: ADP-dependent glucokinase (ADPGK) is an alternative novel glucose phosphorylating enzyme in a modified glycolysis pathway of hyperthermophilic Archaea. In contrast to classical ATP-dependent hexokinases, ADPGK utilizes ADP as a phosphoryl group donor. Here, we present a crystal structure of archaeal ADPGK from Methanocaldococcus jannaschii in complex with an inhibitor, 5-iodotubercidin, D-glucose, inorganic phosphate, and a magnesium ion. Detailed analysis of the architecture of the active site allowed for confirmation of the previously proposed phosphorylation mechanism and the crucial role of the invariant arginine residue (Arg197). The crystal structure shows how the phosphate ion, while mimicking a b-phosphate group, is positioned in the proximity of the glucose moiety by arginine and the magnesium ion, thus providing novel insights into the mechanism of catalysis. In addition, we demonstrate that 5-iodotubercidin inhibits human ADPGK-dependent T cell activation-induced reactive oxygen species (ROS) release and downstream gene expression, and as such it may serve as a model compound for further screening for hADPGK-specific inhibitors.
Introduction
ADPGKs were first described in hyperthermophilic Archaea where they functionally replace hexokinase (HK) in the glycolytic pathway. 1 Similarly to HKs, ADPGKs catalyze glucose phosphorylation to glucose-6-phosphate. However, ADPGKs utilize ADP instead of ATP as a phosphate donor. They are distant homologs of family B of sugar kinases within the ribokinase superfamily. To date, several highresolution crystal structures of ADPGKs from hyperthermophilic archaea have been determined. Structures of four proteins from closely related species of Thermococci, a class of Euryarchaeota, are available in the Protein Data Bank (PDB IDs: 1GC5, 1L2L, 1UA4, 4B8R). [2] [3] [4] [5] Moreover, a crystal structure of archaeal ADP-dependent phosphofructokinase (ADP-PFK), a protein closely related to ADPGKs, was also reported. 6 Despite the lack of sequence similarity between ADPGK and ATP-dependent kinases, the structure of ADPGK is very similar to those of ribokinase (PDB:1RKD) 7 and adenine kinase (PDB:1BX4). 8 Recently, an experimental structure of a N-terminally truncated variant of murine ADPGK (mADPGK) in the apo form and in complex with AMP (PDB codes 5CCF, 5CK7) has been published. 9 Despite little sequence homology (20% identity), the overall fold of mADPGK is similar to that of the archaeal ADPGKs and ADP-PFKs. In fact, the similarity is so high, that it allowed us to solve the mADPGK structure by molecular replacement using the archaeal protein as a search model. Regardless of the structural similarities between the ribokinase family and ADPGK, the mechanism of substrate binding is different. The sequence of binding events was described for ribokinases, where interaction with sugar is a prerequisite for nucleotide binding. 10 In contrast, ADPGK can bind ADP even in the absence of a sugar molecule. 2 Therefore, the precise mechanism of glucose phosphorylation by ADPGK needs further investigation. The discovery that a human homolog of ADPGK (hADPGK) is involved in the regulation of T cell activation drew attention to ADPGK-related research. 11 A transient increase in hADPGK activity triggered by a T-cell receptor (TCR) was reported to contribute to T-cell-activation-induced mitochondrial reactive oxygen species (ROS) generation and the resulting downstream gene expression. Moreover, it was demonstrated that ADPGK is preferentially expressed in cells of hematopoietic lineage (i.e., macrophages, monocytes, dendritic cells, T and B cells), [11] [12] [13] [14] as well as in various cancers.
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Here, we present the first ADPGK crystal structure from the thermophilic methanogenic archaeon of the class of Methanococci: Methanocaldococcus jannaschii. Our structure reveals the protein in a complex with inhibitor [5-iodotubercidin (5ITU)], D-glucose, inorganic phosphate, and a magnesium ion bound at the active site. Moreover, using a model system of T-cell-activation-induced ROS generation and gene expression, we report the inhibitory effect of 5ITU on these phenomena.
Results
The structure of mjADPGK/D-glucose/5 0 -iodotubercidin complex was determined by molecular replacement, using the initial model generated by Automatic Molecular Replacement Pipeline MoRDa. 18 The structure was refined to R work /R free values of 0.18/0.22 at 1.98 Å resolution (Table I) . The asymmetric unit consists of three mjADPGK molecules and the unit cell belongs to the P3 1 space group. Residues 6-461 (chain A and C) and 4-461 (chain B), as well as one molecule of the inhibitor, D-glucose, one Mg 21 ion and inorganic phosphate per protein chain are clearly visible in the electron density. The overall structure of mjADPGK consists of two distinctly distinguished domains, as observed in other ADPGKs (Fig. 1) . The large domain, which carries the ADP binding site, is formed by a twisted 10-stranded b-sheet flanked by 13 a-helices and two 3 10 helices. The smaller domain consists of a curved five-stranded (b strands 2-4, 8, and 11) b-sheet with four a-helical insertions and two additional b strands (9, 10) located at the top of its convex face. The structure reported here represents the enzyme in a closed conformation, in which the two domains approach each other upon binding of glucose and 5-iodotubercidin. A similarity search using Dali 19 points to Thermococcus litoralis ADP-dependent glucokinase (tlADPGK, PDB code: 4B8S) as the most similar structure, with rmsd in C a positions of 2.3 Å over 438 residues at 33% sequence identity (Z factor of 46.2). Our structure presents all the features typical for the ADPGK family; however, significant differences are observed in the loop regions between tlADPGK and mjADPGK. In the latter, loops b11-a8 and a17-b17 lack a 3 10 helix and b-strand, respectively. Moreover, two b-strands (9, 10) in the smaller domain form a b-sheet, which is not present in tlADPGK. 5-iodotubercidin accommodates the hydrophobic ADP-binding cleft surrounded by the side chains of mjADPGK residues: Leu440, Ile350, Ala383, and Pro434. Additionally, the compound interacts with the protein by several hydrogen bonds; the adenine moiety N1 and N6 form an H-bond with Val431 main chain amide and carboxyl, respectively, and the iodine atom is involved in a hydrogen bond interaction with Ser195 [ Fig. 2(A,B) ]. The ribose moiety is stabilized by a direct hydrogen bond with Thr349 carbonyl oxygen and a network of water molecule-mediated hydrogen bond interactions with Arg429 amide and His348 carbonyl oxygen.
Glucose is stabilized by hydrophobic interactions with glycine residues from a conserved GG motif (residues 106-107), as well as within an extensive hydrogen bond network [ Fig. 2(C) ]. Glucose forms hydrogen bonds with Gly107 amide, and side-chains of Asp28, Glu82, Asn172, and Glu235. Additionally, the position of the 6OH group is coordinated by hydrogen bonds contributed by the side-chains of Gln108 and Asp442 as well as by the inorganic phosphate. A PO 32 4 ion occupies the putative position of the b-phosphate of ADP and is stabilized by several hydrogen bonds with Gly441, Gly439, Asp442, and Arg197.
It was suggested previously that a highlyconserved arginine residue in the ADPGK family (Arg197 in mjADPGK) mediates contacts with the bphosphate of ADP to trigger the phosphate transfer reaction. 20 In our structure the Arg197 side chain guanidine group interacts with inorganic phosphate via three distinct hydrogen bonds: NH2:O3, NH2:O4, and NE:O4. Furthermore, the magnesium ion displays the common octahedral coordination sphere being coordinated by the phosphate oxygen O3 and five water molecules. The water molecules, in turn, mediate binding to the Phe273 main chain carbonyl oxygen and side chains of Glu272, Glu302, His348, and Asp442. 5ITU is commonly regarded as a pan-kinase inhibitor, with particular efficiency toward adenosine kinase and the nucleoside transporter. It also inhibits other kinases such as ERK2, casein kinases 1 and 2, insulin receptor kinase, phosphorylase kinase, PKA and PKC as well as acetyl-CoA carboxylase [21] [22] [23] [24] [25] and others. Since our data demonstrates 5ITU binding at the active site of ADPGK, we have tested whether 5ITU inhibits ADPGK-dependent cellular phenomena of T-cell-activation-induced ROS production and downstream gene expression. 11 TCR triggering induces transient activation of hADPGK via the diacylglycerol (DAG) branch of the TCR signaling cascade. 11,reviewed in 14 In turn, a rise in hADPGK activity contributes to downstream mitochondrial ROS production and the ROS-dependent NF-jB transcriptional response. To assess effects of 5ITU treatment on these ADPGK-dependent phenomena, we employed a previously reported model system of human T cell activation based on the treatment of a Jurkat T cell line with the DAG mimic, phorbol 12-myristate 13-acetate (PMA) 1/-Ca 21 ionophore, ionomycin. We demonstrate that 5ITU efficiently blocks PMA-induced ROS generation as well as ROS/NF-jB-dependent expression of IL-2 and IjBa without induction of significant toxicity (Fig. 3) . ADPGK and adenosine kinase (AK) are members of the ribokinase enzyme family of sugar kinases, however, in contrast to ADPGK, AK does not phosphorylate sugar but carries out an ATP-dependent adenosine phosphorylation. 5ITU was described as an AK inhibitor, and a crystal structure of human AK in complex with 5 0 -deoxy-5-iodotubercidin (d5ITU) was also reported. 26 Despite the fact that both mjADPGK and AK interact with a 5-iodotubercidine derivative, the inhibitor binding modes for both enzymes are different. In the mjADPGK structure, 5ITU occupies the ADP binding site, whereas, in the case of the AK structure, d5ITU locates in the hydrophobic adenosine binding cleft which in ADPGKs is responsible for interacting with glucose (Supporting Information, Fig. S2 ). Previous reports have shown that 5ITU inhibits AK with K i 5 30 nM 27 hence we compared the inhibition kinetics between AK and mjADPGK. Using a glucose-6-phosphate dehydrogenase coupled enzymatic assay (Supporting Information) we have found that 5ITU acts as a weak competitive inhibitor of mjADPGK with K i 5 0.74 mM that is in the range of K m for ADP (K m 5 0.46 mM) (Supporting Information, Fig. S3 ).
Conclusion
ADPGKs constitute a class of relatively poorly understood glucose phosphorylating enzymes. At the time of their discovery, ADPGKs were thought to play a role in an archaeal-specific modification of the glycolysis pathway. 1 Recently, however, ADPGK was found to drive activation of human T cells. 11 This observation opens the possibility of using ADPGKspecific inhibitors as modulators of immune responses and tools to investigate immunemetabolism. 5-iodotubercidine was previously described as a potent inhibitor of mitogen-activated protein kinase, adenosine kinase, casein kinases, protein kinase A, and insulin-receptor kinase. 21, 22, 24, 28 It has been even suggested to be a general protein-kinase inhibitor. 22 Herein, we describe the ADPGK crystal structure from M. jannaschii with 5-iodotubercidin at the active site (Fig. 2, Supporting Information, Fig. S1 ). Using this inhibitor in co-crystallization, we were able to take a snapshot of the phosphoryl transfer process within the ADPGK-catalyzed reaction, a state where unmodified glucose, a free phosphate, and AMP analog are present at the active site. Unexpectedly, our structure defines the position of an inorganic phosphate ion, which is trapped between D-glucose and 5-iodotubercidin. The phosphate ion is stabilized by interactions with magnesium and an invariant Arg197 guanidine group, that was previously proposed to be responsible for the positioning of the b-phosphate during glucose phosphorylation. 29 In fact, superposition of mjADPGK and tlADPGK demonstrated that the inorganic phosphate indeed occupies the b-phosphate site [ Fig.  2(D) ]. Moreover, the structure reveals the role of the strictly conserved Asp442 residue, which was proposed to act as a catalytic base activating glucose for the nucleophilic attack. 20 Our results show that the aspartic acid side chain interacts via multiple hydrogen bonds with the glucose 6OH group, inorganic phosphate, and a water molecule of magnesium coordination sphere [ Fig. 2(C) ]. The structure presented in this study further confirms the postulated role of the conserved arginine and aspartic acid residues in catalysis and reveals the previously unknown position of the magnesium ion indispensable for stabilization of the transition state within the phosphate transfer sequence of events. Using a model of ADPGK-dependent T-cell activation, we have demonstrated that 5-iodotubericin treatment efficiently blocks TCR(PMA/DAG)-triggered ROS generation and, consequently, NF-jBdependent gene expression (Fig. 3) . The strong inhibitory effects of 5ITU on T-cell-activationinduced ROS generation and NF-jB triggering suggest a pleiotropic mode of action. This assumption is strongly supported by the target promiscuity of 5ITU, mild toxicity (Fig. 3) , and a moderate block of T-cell-activation-induced ROS generation and NF-jB triggering by siRNA or shRNA-mediated downregulation of ADPGK. 11 Nevertheless, 5-iodotubericine could constitute a suitable starting point for the rational development of ADPGK-specific inhibitors. Interestingly, mjADPGK was described as a bifunctional ADP-dependent glucokinase/phosphofructokinase (ADPGK/PFK) with a reaction rate for the phosphorylation of glucose three times higher than the one for fructose-6-phosphate. 30 Only recently, a crystal structure of a synthetically designed ADPGK/ PFK ancestral protein (AncMT) has been reported providing insight into the evolution of the enzyme specificity toward glucose and fructose-6-phosphate. 31 Our study complements these findings and presents the first crystal structure of a bifunctional ADPGK/ ADP-PFK.
Materials and Methods

Molecular cloning and expression
Gene encoding full-length mjADPGK (Uniprot: Q58999, residues 4-462) was optimized for E. coli expression system, synthesized (Genescript) and cloned without expression/purification tag into pET24d plasmid using NcoI/BamHI restriction sites. E. coli BL21 (DE3) competent cells were transformed with pET24d-mjADPGK plasmid and grown in Terrific Broth (Bioshop) at 378C until OD 600 5 1.3. Expression was induced by addition of 0.5 mM final concentration of isopropyl b-D-1-thiogalactopyranoside (IPTG) and continued for 12 hr at 188C. Cells were harvested by centrifugation at 4000g. Pellets were flash-frozen in liquid nitrogen and stored at 2808C until purification.
mjADPGK purification
Frozen pellets were thawed, resuspended in lysis buffer (20 mM Hepes, 350 mM NaCl, 10 mM MgCl 2 , 2.5% glycerol, pH 5 8.0) and lysed by sonication. The lysate was cleared by centrifugation (50,000g for 20 min at 48C). The supernatant was precipitated by addition of polyethyleneimine (Sigma) up to 0.5% (v/v). The denatured proteins and nucleic acids were removed by centrifugation (50,000g, 20 min). The clear supernatant was heat-shocked at 908C for 10 min and clarified (50,000g, 20 min). The supernatant containing mjADPGK was dialyzed against low ionic strength binding buffer A (20 mM Hepes, pH 5 8.0, 20 mM NaCl, 5 mM MgCl 2 ) and the protein was purified using ion-exchange chromatography (Mono Q, GE Healthcare) in the binding buffer A. The NaCl elution fractions containing mjADPGK were pooled and further purified by size-exclusion chromatography (Superdex 75, GE Healthcare) in GFB buffer (20 mM Hepes, 150 mM NaCl, 5 mM MgCl 2 ). The fractions containing mjADPGK were pooled, concentrated and directly used for crystallization.
Crystallization and structure determination mjADPGK was concentrated to 10 mg/mL and crystalized using siting drop vapor diffusion method. Crystals for data collection were soaked in the reservoir solution supplemented with glycerol (20%) as a cryoprotectant and then flash-frozen in liquid nitrogen. Diffraction data were collected on BL14.1 beamline operated by the Helmholtz-Zentrum Berlin (HZB) at the BESSY II electron storage ring (BerlinAdlershof, Germany). 32 All data were indexed, integrated scaled and merged using XDS package 33 To analyze activation-induced gene expression, Jurkat T cells were pre-treated 1/-5-iodotubericin for 30 min and activated with PMA (10 ng/mL) and ionomycin (1 lM) for 1 hr in the presence/absence of the inhibitor. Total cellular RNA was isolated with RNAeasy mini kit (Qiagen) and reverse-transcribed. Gene expression was analyzed by SybrGreen monitored RT-PCR with IL-2 and IjBa specific primers. The measurements were normalized to actin transcript level. Conditions of reverse-transcription, RT-PCR, and primer sequences were identical to those reported previously. 11, 14 Cell death was measured by propidium iodide (PI) exclusion method. Cells were stained with PI solution (4 lg/mL in PBS) for 30 min and PI1 cells were assayed by FACS.
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